Polymer network formation via Michael addition of two tetra-arm poly(ethylene glycol) (TetraPEG) prepolymers possessing maleimide (MA) and thiol (SH) terminals was investigated in a typical aprotic ionic liquid containing a basic catalyst. The gelation reaction proceeded successfully at room temperature to give high network connectivity (³98%). The resulting TetraPEG gel showed ideal liquid-like ion conducting properties and was applied to a polymer electrolyte for electric double-layer capacitors (EDLC).
Polymer gel electrolytes with three-dimensional (3D) polymer networks are key soft materials in electrochemical devices and membrane science. 1, 2 Practical use of polymer gels requires high electrochemical/thermal stability, mechanical toughness, and compatibility of polymer chains with electrolyte solutions; therefore, promising polymer networks swollen with organic electrolytes and/or ionic liquids (ILs), i.e., doublenetwork gels, 3, 4 slide-ring network gels, 5, 6 and chemically crosslinked triblock copolymer gels 7, 8 have been developed for use in electrolytes for rechargeable batteries, electroactive polymer actuators, and gas separation membranes.
Poly(ethylene glycol) (PEG) can mix well with ILs 9 and is thus suitable for polymer matrices in IL-based polymer gel electrolytes, which possess inherent IL properties, such as nonflammability, wide electrochemical windows, and high ionic conductivity. 10, 11 We focused on homogeneous polymer networks in polymer electrolytes, and recently reported hightoughness ion gels prepared by incorporating IL electrolytes into a homogeneous PEG-based 3D network. 12, 13 This 3D network structure was formed using tetra-arm PEG (TetraPEG) with different terminal groups [e.g., reactive amine (NH 2 ) and Nhydroxysuccinimide (NHS)] by an AB-type cross-end coupling reaction in IL electrolyte. The acid-base reaction of the NH 2 terminals (TetraPEG-NH 2 strongly affected the reaction between TetraPEG-NH 2 and  TetraPEG-NHS; 14,15 therefore, we proposed a "pH-buffering IL" concept based on a combination of the protic IL (pIL) with the corresponding conjugate base [e.g., 1-ethylimidazolium cation (C 2 ImH + )-based IL and 1-ethylimidazole (C 2 Im)] to successfully facilitate the network formation in ILs by adjusting the solution pH. 13 This afforded ideal polymer network ion gels with high network connectivity (>95%) even at a low polymer concentration (³5 wt %). The resulting TetraPEG ion gels exhibited high ion conductance and excellent mechanical properties, allowing their application to high-toughness CO 2 separation membranes. 16 However, this method was unsuitable for electrolytes in electrochemical applications such as rechargeable batteries and electric double-layer capacitors (EDLCs); i.e., the dissociative proton from the pIL remains in the ion gels, which significantly damages the electrode during redox reactions. Thus, proton-free TetraPEG gelation in IL media remains necessary.
Conventional ILs such as those based on alkylimidazolium and alkylpyrrolidinium cations possess wide potential windows (³5 V) compared with conventional organic electrolytes (³2.7 V) and are therefore widely used as EDLC electrolytes that show high power density and long lifetimes.
1720 Here, we note that the TetraPEG gels, which are fabricated from a large amount of electrolyte solution (>95%) and a homogeneous polymer network with a low polymer content (<5%), are ideal electrolyte materials for electrochemical applications; 21, 22 particularly, the extremely low polymer content in the gels might solve a long-standing problem in polymer electrolytes; i.e., a high polymer content in the polymer electrolyte is required to obtain a free-standing polymer gel with sufficient mechanical strength, but this leads to decreasing ionic conductivity. 23, 24 In this work, we report a kinetic and rheological study on TetraPEG network formation in an aprotic IL system without using a pIL (dissociative H + ). Michael addition between two different maleimide-and thiol-terminated TetraPEG prepolymers (TetraPEG-MA and TetraPEG-SH) was employed to form a homogeneous polymer network. 25 The number-average molecular weight (M n ) of both TetraPEGs was 20 kDa, and M w /M n = 1.11.2, where M w is the weight-average molecular weight. The TetraPEG gelation proceeded successfully in a typical aprotic IL (1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide, [C 2 mIm][TFSA]) containing a low concentration of neutral basic catalyst (1-ethylimidazole, C 2 Im) to establish "in-situ TetraPEG gelation" in an electrochemical cell for EDLCs, with no external stimuli (heating or UV irradiation). The details of measurements, data analysis, and preparation of TetraPEG gels are described in the Support- i.e., Michael addition between -MA and -SH terminals proceeded successfully with t, and the gelation rate was faster for higher [C 2 Im] solutions. This is due to the concentration of the thiolate anion ([-S ¹ ]), which is a reactive species in this reaction, 25 increasing with the C 2 Im concentration; that is, adding C 2 Im (as a Brønsted base) enhances the deprotonation of the SH group to give sufficient [-S ¹ ] to enable the Michael addition. To characterize the gelation behaviour based on the reaction kinetics, we assumed that the current TetraPEG gelation follows a second-order reaction;
, where k gel ¤ is the apparent gelation rate constant, based on our previous study on the TetraPEG hydrogel system. 25 A least-squares fitting analysis based on the secondorder rate equation was applied to the experimental data, enabling estimation of k gel ¤ and the other fitting parameters. The resulting fitting parameters are listed in Table S1 . The calculated lines (solid lines, Figure 1) The p value of the sample gels was set to ³98% based on the calculated p vs. t curve shown in Figure S4 . The stretching stress (·) for the [C 2 Im] = 0.16 M system (red circles) increased with elongation () and reached a breaking stress · max = 13.8 kPa at max = 3.8, which was similar to that for the [C 2 Im] = 0.32 M system (blue circles, · max = 13.3 kPa at max = 3.8). Ishii 10 the 3 wt % TetraPEG ion gel gave · max = ca. 10 kPa at max = ca. 3.5, which is comparable to our gel system (2 wt % TetraPEG ion gel). ductivity was measured using an in-situ gelation method in a cell ( Figure S5a ), as follows: (1) the TetraPEG-MA/IL and TetraPEG-SH/IL solutions (2 wt % polymer content) were mixed for 30 min and the combined solution was poured into the coin-type cell; (2) the cell was left for 24 h, corresponding to the gelation completion time ( p > 98%), followed by the measurement. The obtained · imp values were comparable to those for the neat IL for all temperature ranges (278338 K), i.e., there was almost no decrease in the ionic conductivity even in a solid-state electrolyte. At 298 K, the · imp values for the ion gel and the neat IL were 7.4 © 10 ¹3 S cm ¹1 and 8.1 © 10 ¹3 S cm ¹1 , respectively. These values were similar to that in the ion gel prepared by casting method ( Figure S6 ). The experimental · imp data were represented by the fitting line based on the VogelTamman-Fulcher (VTF) equation, · = · 0 exp[¹B/(T ¹ T 0 )], which is applicable to the neat IL or ion gel systems. The fitting parameters (· 0 , B, and T 0 ) obtained from the current fitting analysis are given in Table S2 . Figure S7a shows the electrochemical potential windows (EPWs) observed for the 2 wt % TetraPEG ion gel and neat IL. In neat IL system, there was no current between ¹1.6 and 2.5 V [vs. Ag (QRE)]; i.e., the EPW was within ³4.1 V (at Pt electrode). The EPW for the ion gel (containing [C 2 Im] = 0.16 M) was narrower than that for neat IL; however, the value (EPW ³2.7 V) was comparable to the IL (solution) with the same added concentration of C 2 Im. Figure S7b shows the EPWs of ILs with varying C 2 Im concentration. The reductive and oxidative currents at ¹1.5 and 1.8 V (shown by arrows in the figure) increased with increasing [C 2 Im]. We thus concluded that adding C 2 Im to IL made the EPWs narrow (approximately ³1.4 V). Based on this result, in charge-discharge cycling test for EDLCs, the voltage limit of the charging was set to be 2.0 V, as described below. Figure 5a shows the charge-discharge curve at the second cycle for the 2 wt % TetraPEG ion gel prepared via in-situ gelation in an EDLC cell (red), together with that for the corresponding neat IL (black). The measurements were conducted using a symmetric two-electrode EDLC cell with positive and negative activated carbon (AC)-based electrodes; the details are described in the Supporting Information. We found that the charge-discharge profile observed for the TetraPEG gel system was nearly similar to that for the liquid system (neat IL). The specific capacitance (C ) was estimated based on the equation C = (I © ¦t)/(¦V © m), using the slopes of the observed discharge curves, which are shown in Figure 5b . In both the ion gel and IL systems, there was no degradation in C during the charge-discharge cycling (50 cycles examined herein), i.e., C for the TetraPEG ion gel remained a constant, with no degradation originating from gelation (solidification of liquid IL) or polymer decomposition. Figure 6 shows the variation in C with increasing current density from 0.1 to 1.0 A g ¹1 (298 K) for the ion gels prepared by in-situ gelation (red), together with the corresponding neat IL system (black). That for the 2 wt % TetraPEG ion gel prepared by conventional casting using a silicon mold ( Figure S5b ) was also measured (Figure 6 , blue). C was estimated based on the charge-discharge curves ( Figure S8 ) as described above. Generally, C for the gel electrolytes is inferior to that for liquid electrolytes, especially at higher current densities, which is a significant problem in the development of polymer gel electrolytes for EDLCs. Such degradation in C was also seen for the TetraPEG ion gel prepared by conventional casting (blue). The variation in C markedly improved for the ion gel prepared by the in-situ method (red) and resembled that for the neat IL (black), even at higher current densities. The improved C behavior in the current ion gel system might be due to the electrolyte/electrode (gel/ solid) interface. Generally, the polymer gel electrolyte is placed on the electrode material in the cell to form the gel/electrode (solid/solid) interface, resulting in higher interfacial resistance compared with that of a liquid electrolyte system (liquid/solid interface). However, in the in-situ gelation proposed here, the IL containing TetraPEG was added to the cell before gelation was complete; the electrolyte solution then made contact with the electrode in the liquid state and hence fully filled the AC pores. The TetraPEG/IL solution in the EDLC cell gradually gelled (network formation) as the reaction proceeded; i.e., the liquid/ solid interface gradually changed into a gel/solid interface. We believe that the TetraPEG network continuously forms in the AC pores across the interface from the bulk electrolyte, resulting in seamless linking of the electrode to the bulk electrolyte. This leads to lower interfacial resistance of the TetraPEG ion gel (in-situ method) in EDLCs; indeed, the experimental resistance estimated from the IR decreases (charge-discharge curves, Figure S8 ) is lower for the in-situ prepared ion gel (33.5 « 1.0 ³ cm 2 ) than for the corresponding gel prepared by the conventional method (39.8 « 1.3 ³ cm 2 ). In summary, an ion gel based on a TetraPEG network and [C 2 mIm][TFSA] was prepared via in-situ gelation method and applied to a polymer electrolyte in EDLCs. The gelation rate could then be easily controlled by adjusting the C 2 Im concentration, which allowed us to control the gelation time to achieve almost 100% network connectivity. The resulting TetraPEG ion gel (98 wt % IL content, 2 wt % polymer content) showed ideal liquid-like ion-conducting properties and an excellent EDLC performance with no degradation during repeated chargedischarge tests, which was comparable to the behavior of an IL system. Figure 6 . The specific capacitance as a function of cycling current (from 0.1 to 1.0 A g ¹1 ) for the 2 wt % TetraPEG ion gels prepared by in-situ gelation (red) and conventional casting (blue), together with that of the corresponding neat IL (black).
